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Abstract

In the present work, we propose an improved wavefront reconstruction algorithm for zonal
wavefront estimation using Shack–Hartmann type wavefront sensors. We start with the well
known W H Southwell reconstruction algorithm, where phase at a central point is described in
terms of horizontal and vertical slope values. We develop the mathematical expressions to
show that by incorporating the diagonal slope values in addition to the horizontal and vertical
slope values, accuracy in phase estimation can be increased. We present here experimental
results that demonstrate significant improvement in the wavefronts, estimated using the
proposed algorithm, in comparison to the Southwell algorithm.
Keywords: wavefront sensing, phase retrieval, zonal reconstruction
PACS numbers: 42.15.Dp, 42.30.Rx, 42.15.Fr
(Some figures may appear in colour only in the online journal)

1. Introduction

Southwell geometry [7], the Fried geometry [8] and the
Hudgin geometry [9]. Although, the relative performance
of the three geometries is dependent on the description of the
incident wavefront to be measured and the configuration of
the sensor array, nevertheless, the Southwell geometry can
arguably be considered as the best as far as error propagation
is concerned [10].
In the Southwell geometry the phase value at each grid
point is described in terms of two vertical and horizontal
slopes at the symmetrically located adjacent grid points. Error
gets added up into the estimated phase values, primarily
because there exists a finite separation between two adjacent
grid points. In the recent past there had been a number of
efforts to improve the accuracy of wavefront reconstruction.
Vyas et al [11] has proposed dither-based sensor to remove
the inconsistency in wavefront estimation. Reconstruction
accuracy has been proposed to be improved by using iterative
compensation [12] to remove the imperfection in the Southwell
model. Although both the methods have clearly showed
improvement in accuracy, they are however achievable at

Wavefront estimation of a beam of light using a Shack–
Hartmann type wavefront sensor finds application in number of areas such as in, ground-based astronomy [1, 2],
microscopy [3], ophthalmology [4], optical shop testing [5] and
so on. The Shack–Hartmann wavefront sensor [6] comprises
a two-dimensional array of tiny lenses, called microlenses,
which focuses various portions of the incident wavefront onto
a digital camera. In case of a plane wavefront incident parallel
to the plane of the lens array, focal spot due to each of the
microlens forms a regular grid in the camera plane such that
any deviation of a focal spot from its nominal position is an
indication of non zero mean phase gradient for the portion of
the wavefront passing through the given microlens. Discrete
phase value, located at the centre of each microlens, referred to
as grid point, can be estimated from the slope values which can
be measured from shifts of respective focal spots in the camera
image. There are three well known geometries to reconstruct
the wavefront from the measured slope values, namely, the
2040-8978/14/055403+09$33.00

1

c 2014 IOP Publishing Ltd

Printed in the UK

J. Opt. 16 (2014) 055403

B Pathak and B R Boruah

2. Theoretical considerations

Let us consider the nine grid points, as shown in figure 1, in
a Shack–Hartmann type wavefront sensor geometry. The nine
points are denoted by a row index and a column index that
vary from i − 1 to i + 1 and j − 1 to j + 1 respectively, as
we go from the top left corner to the bottom right corner. In
the Southwell algorithm the mean horizontal or vertical slope
at an intermediate point between two adjacent grid points in
the horizontal or vertical direction is expressed in terms of
the wavefront phase difference at the two adjacent grid points
i, j
i, j
in the horizontal or vertical direction. Thus if φ i, j , Sx , S y
represent the phase, the horizontal slope and the vertical slope,
respectively, at the location (i, j), they can be formulated in
the form of equations as,

Figure 1. (a) Nine adjacent grid points (with h as the separation

between two adjacent horizontal or vertical grid points)
corresponding to a rectangular Shack–Hartmann geometry.
(b) Vectors representing horizontal slope (Sx ), vertical slope (S y )
and two diagonal slopes (S+ and S− ).
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the cost of time delay to arrive at the more accurate phase
estimates. In another recent work, it was proposed to improve
the accuracy of the estimated phase profile over the entire
beam cross section by using reconstruction model involving
nonlinear multivariate splines [13]. However this method
provides better result than the Southwell model only in high
signal to noise ratio (SNR) regimes (i.e. when SNR > 0.6). In
a very recent paper [14] Li et al has introduced the concept
of truncation error in integration equations to reduce the
reconstruction error in Southwell geometry. It was showed
that by incorporating more number of slopes in the integral
equation, the truncation error can be minimized. However the
above method utilizes only vertical and horizontal slopes in
the integral equation and is based on the assumption that the
separation between two adjacent grid points is very small such
that with the increase in the exponent, with the separation as
the base, the value of the product decreases.
In this paper we propose a wavefront reconstruction
algorithm based on the Southwell geometry. This modified
form of the algorithm expresses phase at each grid point not
only in terms of horizontal and vertical adjacent phase and
slope values, but also includes diagonal phase and slope values
at the adjacent locations. We show that by incorporating a
higher number of phase and measured slope values in the
expression of the phase value defined at a particular grid
point, the reconstruction error can be substantially reduced.
The proposed method has a computational complexity that
is comparable with that of the Southwell model and hence is
readily implementable even without a PC interface. We present
here experimental results that demonstrate the improvement in
wavefront reconstruction.
In section 2 of this paper we provide a brief description
of the Southwell geometry and the theoretical considerations
behind the proposed modification in the algorithm in order to
reduce the reconstruction error. Section 3 describes the mathematical steps to arrive at a generalized expression of the phase
value at a given grid point. Section 4 describes the experimental
implementation of a Shack–Hartmann type wavefront sensor
using an array of plane diffraction gratings. Finally, section 5
presents the experimental results and discussions.

φ i, j − φ i, j−1
h
φ i, j+1 − φ i, j
=
h
i,
j
φ − φ i−1, j
=
h
i+1,
j
φ
− φ i, j
=
h
=

(1)
(2)
(3)
(4)

where h is the separation between two adjacent grid points in
the vertical or horizontal direction. This gives
φ i, j =

φ i−1, j + φ i, j−1 + φ i+1, j + φ i, j+1
4
h
i, j
i, j+1
i, j
i, j−1
+ Sx )
+ Sx ) − (Sx
+ {(Sx
8
i−1, j
i, j
i+1, j
i, j
+ (S y
+ S y ) − (S y
+ S y )}.

(5)

We now represent the phase in the X Y plane by the 2D function
φ(x, y). Consider a point O surrounded by the loop C, all in the
X Y plane. Let there be an arbitrary point Q on the loop C. We
can write using the fundamental theorem of gradient operator
E [15],
(∇)
Z O
E y) · dlEQ = φ(O) − φ(Q)
∇φ(x,
(6)
Q

where dlEQ is the infinitesimal displacement vector along QEO.
Integrating both sides of the above equation for an arbitrary
Q(x, y) over the loop C, we can write

R R O
R
E y) · dlEQ dlC
∇φ(x,
φ(Q)dl
C
Q
C
R
φ(O) = C R
+
(7)
dl
C C
C dlC
where, dlC is the line element along the loop C. It is evident
from the above equation that phase at O is the summation of
mean of all phases on the loop and mean of the integration
over the product of phase gradient and the infinitesimal
displacement vector over each line joining the loop and the
point O. If the loop C is represented by N number of discrete
points, the distance between O and any arbitrary point Q
2
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by incorporating the four corner points as,

φ i, j


h
i, j
i+1, j+1

φ i+1, j+1 − √ {(S+
+ S+
)}



2



h

i−1, j−1
i, j
i−1, j−1


+ S+ )}
+ √ {(S+
φ
2
=
h

i, j
i−1, j+1
i−1, j+1


φ
− √ {(S− + S−
)}


2




h

i+1, j−1
i, j

+ S− )}.
φ i+1, j−1 + √ {(S−
2

(10)

Combining equations (5) and (10) and writing S+,− using
equations (9) we have,
Figure 2. (a) A closed loop C surrounding the point O. dlEQ is the

φ i, j = 18 {φ i, j+1 + φ i, j−1 + φ i−1, j + φ i+1, j + φ i+1, j+1
h
i, j+1
+ φ i−1, j+1 + φ i−1, j−1 + φ i+1, j−1 } + {−Sx
16
i, j−1
i+1, j
i−1, j
i+1, j+1
i+1, j+1
+ Sx
− Sy
+ Sy
− Sx
− Sy

infinitesimal displacement vector along QEO and dlC is the line
element along the loop C. (b) The closed loop APUVWRCB formed
by the eight adjacent grid points surrounding the grid point O.

on the loop dl being very small, then the right hand side of
equation (7) can be written as,
Pn=N
n=1

N

φ(Q)

Pn=N
+

n=1

E

i, j

φ

i, j

=

i+1, j−1

− Sy

ki, j

−

i−1, j+1

i+1, j−1

}.

i−1, j+1

+ Sy

(11)

σ (u, v)φ(u, v)

(u,v)=(i−1, j−1)


 u=i+1
X

h
2ki, j 
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X
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σ (u, j − 1)Sx
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+
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X

σ (i + 1, v)S yi+1,v

v= j−1
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(9)

v=
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X
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=
.
√
2

− Sx

(u,v)=(i+1, X
j+1),(u,v)6=(i, j)

1
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Sx + S y
√
2
i, j

i, j
S−
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The above equation is valid for a grid point which is surrounded
by 8 adjacent grid points, however, this is not the case for grid
points at the edge or at the corner of the array of the grid points.
In order to describe a generalized expression for φ i, j to take
into account all grid points (i, j) in the array, we can rewrite
equation (11) as,

Equation (8) will accurately represent the value of φ(O)
provided N is infinitely large and the length dl is infinitely
small. We can now see that the expression of phase at (i, j), as
given by the Southwell algorithm in equation (5), is nothing
but a form of equation (7) for the loop APUVWRCB as seen
in figure 2(b). Phase at O will be more accurately estimated if
the distance h is made smaller and if more number of points
in the loop are incorporated in the phase estimation.
In view of the above argument we propose a modified
algorithm that incorporates four additional points in the loop,
namely, the grid points (i − 1, j − 1), (i + 1, j − 1), (i + 1,
j + 1), and (i − 1, j + 1), while describing the phase at (i, j).
In order to achieve this we incorporated two additional slope
measurements at each grid points which are the diagonal slopes
S+ and S− , as shown in figure 1(b), expressed as
i, j

+ Sy

+ Sx

E

E · dl + ∇φ(O)
E · dl )
(∇φ(Q)
2
2
. (8)
N

S+ =

i−1, j−1

+ Sx




(12)



where

Thus phase at the grid point O is expressed in terms of phase
values and slope values at the 8 surrounding grid points A,
P, U, V, W, R, C and B. The detailed derivations of the
necessary expressions for the proposed algorithm are provided
in section 3.

σ (u, v) =



1
0

if (u, v) is in the array
if (u, v) is outside the array

(13)

and

3. Phase estimation using the modified model

ki, j
We again consider the grid points shown in figure 1(a). In
addition to the four grid points, (i, j − 1), (i + 1, j), (i, j + 1),
and (i − 1, j), as in equation (5), the phase at (i, j) is described
3



3







5
=





8




if (i = 1, and j = 1 or N ) or
(i = N , and j = 1 or N )
if (i = 1 or N , and j = 2 → N − 1)
(14)
or ( j = 1 or N , and i = 2 → N − 1)
if (i = 2 → N − 1
and j = 2 → N − 1).
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In a similar way, the generalized form of the equation (5)
for the Southwell model can be written as
φ i, j =

1
ki, j

{σ (i − 1, j)φ i−1, j + σ (i, j − 1)φ i, j−1

+ σ (i + 1, j)φ i+1, j + σ (i, j + 1)φ i, j+1 }
h
i, j−1
i, j+1
+
{σ (i, j − 1)Sx
− σ (i, j + 1)Sx
2ki, j
i−1, j

+ σ (i − 1, j)S y

i+1, j

− σ (i + 1, j)S y

}

(15)

where σ (u, v) has the same form as in equation (12), and


2
if (i = 1, and j = 1 or N ) or




(i = N , and j = 1 or N )



3
if (i = 1 or N , and j = 2 → N − 1)
ki, j =
(16)

or ( j = 1 or N , and i = 2 → N − 1)




4
if (i = 2 → N − 1



and j = 2 → N − 1).

Figure 3. Schematic of the grating-array-based Shack–Hartmann

type wavefront sensor. W1 W2 is the incident wavefront, G is the
grating array, L is the focusing lens and D is the camera plane.

ment comprising a grating-based Shack–Hartmann type wavefront sensor [16]. Figure 3 shows a schematic of the gratingbased wavefront sensor. The wavefront W1 W2 which is to
be estimated, is incident on a 2D array of plane diffraction
grating G. The light diffracted by the gratings is focused
by the lens L on to the plane D where a CCD camera is
placed. The location of the +1 order focal spot in the plane
D is a function of the periodicity and orientation of grating
rulings and also a function of the slope of the wavefront
portion incident on the particular grating. The two grating
parameters, namely, the periodicity and the orientation of the
grating rulings of the constituent gratings can be varied in
such a way that for a plane incident wavefront, the +1 order
focal spots corresponding to the gratings form a regular grid
similar to the focal spot array in a microlens-based Shack–
Hartmann wavefront sensor. We have realized the grating
array with a dynamically reconfigurable liquid crystal spatial
light modulator (LCSLM). We use a computer generated
holography technique to modify the grating patterns so as
to holographically add or subtract various aberrations into
the incident wavefront. The same technique also facilitates
replacing the array of gratings with just one large grating that
gives rise to only one +1 order focal spot in the camera plane
for the same combination of incident as well as holographically
added aberrations. For a detailed description of the above
mentioned computer generated holography technique we refer
the readers to [17, 18].

Equations (12) and (15) provide estimated phase values
for a beam with rectangular cross section or over a rectangular
portion of a large beam. However, if the beam has a circular
cross section with a diameter less than or equal to the horizontal
or vertical length of the sensor area, the same equations can
be modified to be applicable for a circular aperture. Here we
consider R to be the radius of the circular beam cross section
with its centre co-coinciding with the centre of the sensor area
and du,v to be the distance of the grid point (u, v) from the
common centre. In the case of a circular beam cross section
equation (14) for the proposed model takes the form
ki, j =

(u,v)=(i+1, j+1),
X (u,v)6=(i, j)

σ (u, v)

(17)

(u,v)=(i−1, j−1)

while equation (16) for the Southwell model takes the form
ki, j = σ (i, j − 1) + σ (i − 1, j)
+ σ (i, j + 1) + σ (i + 1, j)
where for both the models

1
σ (u, v) =
0

if du,v ≤ R
if du,v > R.

(18)

(19)

The modified expressions for circular beam cross section
provide an accuracy near the boundary that depends on the size
of a sensor zone relative to the beam radius R. The estimated
phase values near the boundary will be more accurate for a
relatively smaller sensor zone and vice versa.
A number of iterative methods such as Jacobi, Gauss–
Seidel, or successive over relaxation can be employed to
estimate the phase values using equations (12) or (15). However in the work presented here, we decided to use Jacobi’s
method for the sake of computational simplicity.

5. Results and discussion

Experiments are performed first, using a grating array of
size 6 × 6, described over the LCSLM plane comprising
1024 × 1024 number of pixels. We considered single indexed
Zernike mode polynomials (denoted as Z i ) [19] to represent
various aberrations to be added or subtracted holographically.
We use an expanded laser beam that overfills the grating array
that has a rectangular outline, and, hence, we assumed that
the 2D functions representing the Zernike polynomial too
should have a rectangular outline. Phase values are estimated
over an array of size 6 × 6. Since the input Zernike mode
aberrations are described over 1024 × 1024 number of pixels,
the estimated wavefronts are also extended to the same size by
using bilinear interpolation.

4. Experimental implementation of a
Shack–Hartmann type wavefront sensor

The proposed wavefront estimation algorithm described in
sections 2 and 3, are implemented in an experimental arrange4
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Figure 4. Surface plots representing the modulus of the difference between the normalized phase profiles of the input wavefront, Zernike
mode Z 4 , and the estimated wavefront using (a) the Southwell algorithm and (b) the proposed algorithm, after six iterations, employing
2 ) deviations between
Jacobi’s method. The common color bar for the two figures is attached to (a). (c) Plots showing the mean square (1φrms
the input phase values and the phase values estimated using both the Southwell and the proposed algorithms, over the 6 × 6 grid points, with
iterations varying from 1 to 100.

Figure 5. Surface plots representing the modulus of the difference between the normalized phase profiles of the input wavefront, Zernike
mode Z 14 , and the estimated wavefront using (a) the Southwell algorithm and (b) the proposed algorithm, after six iterations, employing
2 ) deviations between
Jacobi’s method. The common color bar for the two figures is attached to (a). (c) Plots showing the mean square (1φrms
the input phase values and the phase values estimated using both the Southwell and the proposed algorithms, over the 6 × 6 grid points, with
iterations varying from 1 to 100.

We first incorporate the Zernike mode Z 4 of RMS amplitude = 1 rad into the incident beam. Wavefront is then
estimated from the shifts of the focal spot array, using both
Southwell algorithm represented by equation (15) and our
proposed algorithm represented by equation (12). We solved
the two sets of equations employing Jacobi’s iterative method,
where all the N 2 phase points are evaluated simultaneously
without updating the phase values at the grid points sequentially, in a given iteration. In order to compare the relative
performance of the two wavefront estimation algorithms, we
normalized both the input and the estimated wavefronts so that
the minimum and the maximum phases are fixed at 0 and 1
arbitrary units, respectively. Figures 4(a) and (b) shows surface
plot of modulus of the difference between the normalized phase
profile of the input wavefront, and the corresponding estimated
wavefronts using the Southwell algorithm and the proposed
algorithm, respectively, after the sixth iteration. It can be seen
that the wavefront estimated using the proposed algorithm
matches more closely with the input wavefront, especially in
the interior part. Phase values are estimated using both the
algorithms for iteration number varying between 1 and 100.
For each iteration, the mean square deviation between the
estimated phase values and the input phase values, at the 6 × 6
grid points, is obtained and are shown in the plot in figure 4(c).

The superior performance of the proposed algorithm is clearly
seen in the mean square deviation plots.
We then considered two higher order Zernike mode aberrations namely, Z 14 and Z 15 in order to test the performance
of the proposed algorithm to estimate higher order wavefront
distortions. Figures 5(a) and (b) shows surface plot of modulus
of the difference between the normalized phase profile of the
input wavefront, Zernike mode Z 14 , and the corresponding
estimated wavefronts using the Southwell algorithm and the
proposed algorithm, respectively, after the sixth iteration. It is
seen that the proposed algorithm is able to reconstruct the
central portion of the wavefront better than the Southwell
algorithm. The mean square deviations between the phase
values at the grid points, estimated using the two algorithms,
are also obtained for iterations varying between 1 and 100. The
mean square deviation plots in figure 5(c) show a quantitative
comparison of the two algorithms for varying number of
iterations. We have also measured modulus of the difference
between the normalized phase profile of the input wavefront, Zernike mode Z 15 , and the corresponding estimated
wavefronts using the Southwell algorithm and the proposed
algorithm, respectively, after the sixth iteration and are shown
in figures 6(a) and (b). While figure 6(c) shows the mean
square deviation plots for iteration number varying between
5
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Figure 6. Surface plots representing the modulus of the difference between the normalized phase profiles of the input wavefront, Zernike
mode Z 15 , and the estimated wavefront using (a) the Southwell algorithm and (b) the proposed algorithm, after six iterations, employing
2 ) deviations between
Jacobi’s method. The common color bar for the two figures is attached to (a). (c) Plots showing the mean square (1φrms
the input phase values and the phase values estimated using both the Southwell and the proposed algorithms, over the 6 × 6 grid points, with
iterations varying from 1 to 100.

1 and 100. It is seen that likewise the previous two cases, the
proposed algorithm is able to reconstruct the input wavefront
more accurately, especially in the interior part of the beam.
It is to be noted that in the case of figures 4–6, the mean
square deviations associated with the plots in (a) and (b) may
not be same as the mean square deviations in plot (c), since
the later was obtained prior to applying bilinear interpolation.
Further it is observed from the plot (c) in figures 4–6, that
among the 3 input wavefront profiles, the Zernike modes Z 4
and Z 15 are estimated more accurately relative to the Zernike
mode Z 14 , by both the algorithms. However improvements
in wavefront estimation provided by the proposed algorithm
relative to the Southwell algorithm, in terms of the mean
square deviation error is about 42% and 24% in the case
of Zernike modes Z 4 and Z 15 , respectively, while it is only
about 10% in the case of Z 14 . Superior performance of the
proposed algorithm in the case of Z 4 and Z 15 , relative to
Z 14 is attributed to the variation in the standard deviations
in the three rectangular phase profiles which were used as
input. The standard deviation is the least in the case of
Z 4 and the highest in the case of Z 14 . It is also observed
that many a times in the case of Southwell algorithm, the
accuracy of reconstruction fluctuates with iterations, whereas
such fluctuations are non-existent in the case of proposed
algorithm.
In order to observe the performance of the two algorithms
in detecting various other Zernike mode aberrations, we
performed another experiment by sequentially incorporating
0.5 rad RMS amplitude of various Zernike mode aberrations
Z i , with i = 4 → 15, into the incident beam. For each Zernike
mode aberration we calculated the mean square deviations
in the estimated phase values at the grid points using the
two reconstruction algorithms after the first and hundredth
iteration. It is observed that there exists a small variation in
the mean square deviation value obtained for different camera
frames of the focal spot array, for the same algorithm and
iteration, and, with the same input wavefront profile. Therefore
for each aberration and iteration considered, we captured five
numbers of focal spot arrays and the wavefront is estimated
from each of these focal spot arrays using the two algorithms.

The table 1 shows the minimum of the five mean square
deviation values after the first and hundredth iteration, respectively, using the two reconstruction algorithms. It is seen that
for each Zernike mode aberration and iteration considered,
the proposed algorithm provides more accuracy in wavefront
estimation.
Instead of incorporating known aberration into the
incident beam holographically, we then introduced unknown
aberrations into the incident beam by giving a small linear
displacement to one of the beam expanding lenses in front of
the grating array. The +1 order focal spot, corresponding to
the single large grating pattern, prior to displacing the lens,
is shown in the top image of figure 7(a)(i), while the same
spot after distorting the wavefront is shown in figure 7(a)(ii).
The shape of the unknown distorted wavefront is estimated
from the shifts of the focal spot array corresponding to a 4 × 4
grating array using both the algorithms after 1, 2, 3, 4, 5,
10, 20, 50 and 100 number of iterations. In order to verify
the correctness of an estimated wavefront, a compensatory
wavefront, which is the opposite of the wavefront estimated,
is then holographically incorporated into the input beam. The
correctness of the estimated wavefront will be indicated by
an enhancement of the +1 order focal spot peak intensity
corresponding to the single large grating pattern. Figures 7(b),
(c) and (d) show the +1 order focal spots (the left image
inside the solid red box corresponds to the proposed algorithm
while the right image inside the dashed blue box corresponds
to the Southwell algorithm) after the incorporation of the
compensatory wavefronts after iteration number 2, 10 and
100, respectively. Figures 7(b)–(d) also show the line plots
through centres of the corresponding focal spots. We have also
plotted the peak intensity values of the +1 order focal spots
corresponding to the two algorithms for iteration numbers 1,
2, 3, 4, 5, 10, 20, 50 and 100 and are shown in figure 7(e).
It is noticed that for all the iterations the peak intensity in
the focal spot corresponding to the proposed algorithm is
higher than that corresponding to the Southwell algorithm,
indicating superior estimation of the unknown wavefront in
the former case. It is further observed that for small number
of iterations the proposed algorithm works significantly better
while for large iterations the difference in performance by the
two methods decreases.
6

Iteration

1
1
100
100

Algorithm

Southwell
Proposed
Southwell
Proposed

0.047 94
0.037 75
0.015 41
0.014 52

Z4
0.055 30
0.040 61
0.023 07
0.021 47

Z5
0.084 67
0.072 98
0.020 57
0.014 23

Z6
0.007 45
0.006 80
0.005 55
0.005 23

Z7

detect 0.5 rad RMS amplitude of various Zernike modes, Z i , with i = 4 → 15.

0.017 20
0.016 21
0.003 89
0.003 36

Z8
0.017 91
0.011 73
0.005 92
0.005 85

Z9
0.021 22
0.017 23
0.005 96
0.004 41

Z 10
0.038 08
0.034 64
0.020 51
0.019 90

Z 11

0.020 87
0.018 51
0.023 30
0.021 60

Z 12

0.005 59
0.005 43
0.005 80
0.005 65

Z 13

0.011 64
0.008 85
0.005 35
0.004 98

Z 14

0.018 01
0.011 75
0.006 22
0.005 17

Z 15

2 ) from five focal spot shift measurements, using the Southwell algorithm and the proposed algorithm, after 1 and 100 iterations, to
Table 1. The minimum of mean square deviations (1φrms

J. Opt. 16 (2014) 055403
B Pathak and B R Boruah

7

J. Opt. 16 (2014) 055403

B Pathak and B R Boruah

Figure 7. Grey scale plot of (a) the +1 order focal spot from a single large grating pattern in (i) the unaberrated and (ii) the aberrated case.

The images of the +1 order focal spots (the left image inside the solid red box corresponds to the proposed algorithm while the right image
inside the dashed blue box corresponds to the Southwell algorithm) after the incorporation of the compensatory wavefronts after iteration
number (b) 2, (c) 10 and (d) 100. (b)–(d) also show the line plots through the centres of the corresponding focal spots. (e) Plots in arbitrary
units corresponding to the peak intensity of the +1 order focal spots estimated using the two algorithms for iteration numbers 1, 2, 3, 4, 5,
10, 20, 50 and 100 expressed in the log scale.

6. Conclusion

[2] Nicholls T W, Boreman G D and Dainty J C 1995 Use of a
Shack–Hartmann wavefront sensor to measure deviations
from a Kolmogorov phase spectrum Opt. Lett. 20 2460–2
[3] Cha J W, Ballesta J and So P T C 2010 Shack–Hartmann
wavefront-sensor-based adaptive optics system for
multiphoton microscopy J. Biomed. Opt. 15 046022
[4] Liang J and Williams D R 1997 Aberrations and retinal image
quality of the normal human eye J. Opt. Soc. Am. A
14 2873–83
[5] Tiziani H J, Reichelt S, Pruss C, Rocktaeschel M and
Hofbauer U 2001 Testing of aspheric surfaces Proc. SPIE
4440 109–19
[6] Platt B C 2001 History and principles of Shack–Hartmann
wavefront sensing J. Refract. Surg. 17 S573–7
[7] Southwell W H 1980 Wavefront estimation from wavefront
slope measurements J. Opt. Soc. Am. 70 998–1006
[8] Fried D L 1977 Least-square fitting a wavefront distortion
estimate to an array of phase-difference measurements
J. Opt. Soc. Am. 67 370–5
[9] Hudgin R H 1977 Wavefront reconstruction for compensated
imaging J. Opt. Soc. Am. 67 375–8
[10] Zou W and Rolland J P 2006 Quantifications of error
propagation in slope-based wavefront estimations J. Opt.
Soc. Am. A 23 2629–38
[11] Vyas A, Roopashree M B and Raghavendra Prasad B 2010
Dither-based sensor for improved consistency of adaptive
optics system Proc. SPIE 7739 773928
[12] Huang L and Asundi A 2012 Improvement of least-squares
integration method with iterative compensations in fringe
reflectometry Appl. Opt. 51 7459–65
[13] de Visser C C and Verhaegen M 2013 Wavefront
reconstruction in adaptive optics systems using nonlinear
multivariate splines J. Opt. Soc. Am. A 30 82–95

In conclusion, we showed theoretically, how incorporating
more number of grid points in the closed loop surrounding
a given grid point can lead to a better approximation in
estimating the phase value at the aforementioned grid point.
Based on the above consideration we proposed a modified form
of the Southwell algorithm. In order to test the performance
of the proposed algorithm vis-a-vis the Southwell algorithm,
we first incorporated known aberrations into the incident
beam holographically. The experimental results show that the
proposed algorithm can detect the holographically introduced
wavefronts more accurately than the Southwell algorithm.
We then directly introduced unknown wavefront distortions
into the incident beam and estimated the same using both the
algorithms from the experimentally obtained slope values. It
is again observed that the proposed algorithm provides a more
accurate estimate of the unknown incident wavefront.
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